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Abstract 
The phase behavior of water, diesel, limonene and ethanol was investigated at ambient 
temperature using single nonionic alkyl poly glycol ethers (C14E3). Visual inspection as 
well as cross polarizers was used to detect transparency and anisotropy. Ternary phase 
diagrams were determined. Combustion experiments using a 4-cylinder diesel engine 
were carried out. Isotropic water in diesel microemulsion region (L2) and anisotropic 
liquid crystalline region (LC) were found with all combinations. Increasing the ratio of 
limonene to diesel reduced the microemulsion region while the presence of ethanol 
increased it on the expense of the LC region. Combustion tests performed on a selected 
formulation from the ternary phase diagram of water, diesel, ethanol and C14E3 revealed 
substantial reduction of soot, NOx and CO2 emissions compared to neat diesel. 
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INTRODUCTION 
Alternative fuel from renewable resources has been receiving increased attention 
worldwide due to the expected depletion of fossil fuel and the environmental hazardous 
nature of emissions associated with its combustion. Diesel exhaust poses one of the major 
health hazards to human. The particulate matter or soot and the nitrogen oxide 
compounds released directly to the environment can cause serious health problems (1). 
Vegetable oils, being renewable, with similar energy content to diesel, can be a viable 
alternative fuel. However, due to their high viscosity, they can’t be injected directly 
without engine modifications. Reducing viscosity can be achieved through the trans 
esterification process, in which the oils react with alcohol, commonly methanol, to yield 
the corresponding fatty methyl ester, known as biodiesel. The produced biodiesel has 
many attractive properties. It is compatible with diesel, renewable and it produces lower 
emission of greenhouse gases and pollutants like soot and polycyclic hydrocarbons. On 
the other hand, some technical problems associated with its usage, like the poor low 
temperature properties and the increased NOx exhaust emissions still need to be solved 
(2). 
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Alcohol is another non-fossil oxygenated renewable bio-based resource that has been 
used as alternative fuel (3). Blending alcohol with diesel can substantially reduce the 
soot. This reduction is mainly due to the absence of aromatics, which is one of the main 
constituents of diesel. However adding alcohol to diesel can also lower the cetane number 
and decrease the energy content of the fuel. A simple mix of alcohol, specially ethanol, 
with diesel will separate at temperatures below 10 C. Adding a suitable emulsifier will 
prevent this separation and contribute positively towards the cetane number (3).  
Synergistic combustion of droplets of ethanol, diesel and biodiesel mixtures was also 
reported. Soot formation and gasification time were reduced (4).  
  Limonene oil extracted from citrus peel has been also tested as a renewable clean source 
of fuel. Results show that using neat orange oil or optimum oil- diesel blend, reduces the 
carbon monoxide, the hydrocarbon and the smoke emissions. Meanwhile, NOx emissions 
increased compared to that with diesel fuel (5). 
 
    The microemulsification process is another way that can be used to reduce the 
viscosity of vegetable oils rendering them suitable biofuels (6). Microemulsions are 
transparent, low viscous, thermodynamically stable dispersions of oil and water, brought 
together by using appropriate surfactant or surfactant/co-surfactant mixture (7). 
Microemulsion diesel fuel has been tested in the past and proved to lower the levels of 
exhaust particulate matter and nitrogen oxide compounds (8)). It has been shown that 
incorporating water in the range of 5-15 wt. % in microemulsion diesel can reduce 
substantially the particulate matter emission from a direct injection diesel engine (9).  
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   On the nanometer length scale, microemulsion can consist of water droplets in oil 
(W/O), they can be bi continuous in which both oil and water form domains that are 
continuous in all three dimensions. They may also consist of oil droplets in water (O/W). 
The ratio of oil to water as well as the type of surfactant / co-surfactant used, can 
determine which structure will be formed. The small droplet size of microemulsions 
(0.0015-0.15 um), make them possess a significantly large interfacial area that requires 
large amount of surfactant in order to be formulated. Emulsions on the other hand, with 
their larger droplet size need considerably lower amounts of surfactants and will reduce 
the soot as well (9), however they are not thermodynamically stable. The risk of phase 
separation with time, depending on the storage and handling conditions, limit the use of 
such fuel. The surfactant to be used in the formulation of microemulsion fuel has to burn 
readily without forming smoke and should not contain sulfur or nitrogen (10). These 
requirements make the nonionic surfactants (e.g. alkyl poly glycol ether and polyol 
surfactants) to be the prime candidates. The phase behavior of microemulsions based on 
nonionic surfactant is usually temperature dependent. Thus it’s important to investigate 
the effect of temperature over a wide range taking into consideration the variation of 
climates around the world. In our previous work (11), the bicontinuous and water in 
diesel microemulsion were formulated using C14E3 nonionic surfactant. The phase 
behavior at temperatures ranging from 0  to 50  was investigated by constructing 
temperature versus wt.% surfactant at constant water to diesel ratios, or what is 
commonly called the fish diagram. The construction of phase diagrams (binary, ternary, 
pseudo ternary and quaternary), can greatly help to elucidate the different stability (one-
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phase) regions formed by combining the four components, water, oil, surfactant and co-
surfactant, at the specified temperature. 
 
    The aim of the present work is to determine the phase behavior of water and diesel, 
with limonene and ethanol at different ratios, using the nonionic surfactant C14 E3 in 
order to formulate fuel microemulsion. Evaluation of combustion properties for a selected 
microemulsion fuel formula is presented in this study. 
 
MATERIALS AND METHODS 
Materials 
The surfactant Alfonic 1214 GC-3, tri (ethylene glycol) mono tetra decyl ether (C14 E3) 
was a gift from Sasol North America, Westlake, Louisiana, USA. The surfactant was of 
technical grade and used as received. R(+)-Limonene, technical grade (90%) and ethanol 
(99.7 %)  were purchased from Sigma Aldrich, Sweden.  . European ultra low sulfur 
diesel was obtained from a local gasoline station in Lund, Sweden. Millipore water was 
used in all formulations. 
 
Methods 
Pseudo Ternary Phase Diagrams: 
   In order to determine the location and boundaries of the different phases on the ternary 
phase diagrams, samples were prepared by adding water drop wise to pre weighed 
mixtures of surfactant, diesel, limonene and ethanol in glass test tubes with screw caps. 
Vigorous stirring followed all the aqueous phase additions using a vortex mixer. The time 
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for equilibration between each addition was typically from a few minutes up to 24 
hours. Phase diagrams were investigated at 25 . The number of phases was 
detected by bare eyes. Anisotropic lamellar and hexagonal liquid crystal were determined 
by cross polarizers and polarizing microscopy. 
 
Engine Test 
A 4-cylinder, 4-stroke naturally aspirated diesel engine (Perkins 1760 cc) was used as the 
test engine for this study. The engine data is presented in Table 1, the engine is equipped 
with a hydraulic dynamometer (Froude SG14, 110 kW capacity), and it is used to 
measure the torque in Nm. A tachometer of Plint C102 type was used to measure its 
speed in revolutions per minute. A special sight glass with 50 ml volume fuel 
consumption using a stopwatch was used to measure fuel consumption in ml/sec. A 
smoke meter of pocket smoke 310-0332 type for measuring diesel smoke in percentage 
was connected through exhaust manifold and an exhaust gas analyzer of Kane OIML 
class 1 (N 0356) was used to measure exhaust emissions, namely NOx, CO and CO2. 
 
Commercial diesel that is sold on the market was used for the comparison with the 
microemulsion composed of 5 wt. % ethanol, 75 wt.% diesel, 10 wt.% water and 15 wt.% 
C14E3. The engine was run until it reached steady state for about 20 minutes, then the 
throttle is set to the required value (for the test convenience two throttles were set to 
compare performance, i.e., 30% and 40% throttles respectively), the hydraulic 
dynamometer which sets engine load was set to minimum, this gave the highest engine 
speed at this throttle, the engine is left to settle down on this sitting, then readings are 
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taken, after that; load is increased slightly for a certain lower speed, the procedure is 
repeated for four points between the maximum and minimum available speeds at each 
throttle. A comparison between diesel and microemulsion at the same engine throttle and 
speed took place. Fuel consumption, torque, smoke, and exhaust gas emissions were 
measured. 
 
RESULTS AND DISCUSSIONS 
Ternary And Pseudo Ternary Phase Diagrams 
   At first, commercial diesel is used as the oil phase with water and the nonionic 
surfactant C14 E3. The resulting phase diagram is presented in Fig 1. The reversed water 
in diesel droplets, denoted L2 is formed starting from 100 – 10 wt. % C14 E3 on the binary 
surfactant- diesel line, extending towards the water corner for up to 37 wt. % water at the 
C14E3: diesel ratio of 70:30. One can observe that the L2 region gets smaller with 
decreasing the amount of C14 E3.This region constitute the basis for the microemulsion 
diesel fuel formulations. The other one-phase transparent region denoted LC is an 
anisotropic viscous liquid crystalline phase. It starts from C14 E3: water ratio of 76:24 on 
the binary surfactant – water line till 42:58, accommodating a maximum diesel content of 
21 wt. % at the ratio 60:40.This LC phase is in equilibrium with the inverse micelle phase 
(L2). Reducing the stability of the LC region will promote the expansion of the L2 region. 
Obviously the presence of this viscous LC phase in fuel would hamper the combustion 
process. Using short chain alcohol will destabilize the liquid crystal by disordering it, and 
as a result will increase the desirable area of the inverse micelle (12). Outside these two 
stability regions, only turbid/cloudy emulsion phases exist. 
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As mentioned earlier, the cyclic monoterpene hydrocarbon, limonene, produced from 
renewable feedstock represents a viable clean alternative energy source that can be used 
as fuel or fuel additive. However the olefinic double bond in limonene can produce 
residual gums in fuel upon combustion. In order to avoid that, limonene was either 
hydrogenated to saturate the double bond and convert limonene to saturated paraffin, or 
an anti oxidant could be added to inhibit the formation of gum (Whitworth 1990). Earlier 
work showed that 10% orange oil extracted from the peel of citrus with D-limonene as its 
prime constituent, when blended with gasoline and tried on small cars, can give good 
startability and drivability with better acceleration and no vapor lock (13). Adding 
limonene to diesel in a weight ratio 1:3 to form the oil phase resulted in the phase 
diagram illustrated in Fig 2. The solubility regions are exactly similar to the ones in Fig 1 
with minor boundary variations for the L2 and LC phases. Increasing the amount of 
limonene in the oil phase to the weight ratio of 3:1 resulted in the phase diagram shown 
in Fig 3. The minimum amount of surfactant required to initiate the formation of 
microemulsion is increased to 15 wt.%. The maximum water content that could be 
accommodated in the L2 region reached only 29 wt.% at C14 E3:oil ratio of 74:26. The 
liquid crystal region now is diminished, accommodating only 14 wt.% oil at C14 E3: water 
ratio of 64:36. 
 
   Ethanol with 95% purity is not compatible with diesel due to the presence of water. 
Only ethanol with purity = 99.5% or higher, can be miscible with diesel over certain 
temperature and time ranges. Some ratios of the mixtures between diesel and 99.5 % 
D
ow
nl
oa
de
d 
by
 [L
un
d U
niv
ers
ity
 L
ibr
ari
es
] a
t 0
7:0
5 1
8 A
ug
us
t 2
01
5 
  
9 
ethanol became two phases after 3 months storage (Kwanchareon 2007). The formulation 
of diesel microemulsion that contains ethanol and water will solve the stability problem, 
producing a thermodynamically stable dispersion. A system consisting of water, C14 E3 
and diesel to ethanol (99.7%) weight ratio of 9:1 gave the solubility regions shown in Fig 
4. The inverse micelle region, L2, is initiated at lower surfactant ratio compared to that 
with neat diesel. Also the LC region is slightly reduced. 
 
COMBUSTION EXPERIMENTS 
Diesel engine performance and emission levels using diesel/ethanol microemulsion were 
measured and compared to that using neat diesel at the same throttle and speed. The 
obtained results showed a significant reduction in most of emission types at various loads 
and speeds. Fig 5a shows a comparison between diesel and diesel/ethanol microemulsion 
regarding NOx percent. The range of NOx reduction using diesel/ethanol microemulsion 
is between 21% and 80% for the 30% throttle, and NOx emission reduction in the range 
of 3% to 71% for the 40% throttle (Fig 5b).  
 
The soot levels were taking a different trend at 30% throttle, it was increasing with 
engine speed for the pure diesel, but with the diesel/ethanol microemulsion; it was 
decreasing as engine speed increases. Soot level was higher by 37% at 1400 rpm engine 
speed, while it decreases till it reached 94% lower than that of pure diesel at the highest 
speed (1900 rpm), as shown in figure 6a. At 40% engine throttle soot levels are presented 
in figure 6b, it shows a reduction of soot levels between 74% and 66%. Levels of CO2 
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10 
emissions were also reduced between 18% and 30% at 30% throttle (Fig 7a), and 
between18% to 33% at 40% throttle (Fig7b). 
 
Engine performance is presented in Figures 8 and 9. The comparison was carried out at 
40% throttle. The specific fuel consumption in kg per kW hour was calculated for both 
diesel and microemulsion. It was increased for the microemulsion because its heating 
value is less than that of the diesel. For the same reason, brakes mean effective pressure 
in kPa was reduced by using microemulsion, as shown in Figure 9. 
CONCLUSIONS 
 Water in diesel microemulsion can be formulated by using a single nonionic surfactant 
solubilizing up to 37 wt. % water without the need of co-surfactant. Both limonene and 
ethanol could be incorporated in the microemulsion region to produce sustainable fuels. 
The presence of ethanol in the ternary phase diagram enlarged the desired microemulsion 
fuel region and reduced the viscous LC region, which can hamper the combustion process 
and should be avoided in any such formulation. 
 
 Combustion experiments conducted on microemulsion fuel containing 5wt % ethanol 
showed emissions with much lower levels of nitrogen oxides, soot and CO2 at various 
engine speeds and at both low and medium loads in comparison to neat diesel. The small 
reduction in engine efficiency is compensated by the significant advantages with regard 
to reducing environmental pollution.  
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Table 1 Test engine data 
Engine Type Perkins 
Swept Volume 1760 cc 
Bore 79.7 mm 
Stroke 88.9 mm 
Compression ratio 22:1 
Maximum speed 3000 rev/min 
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Figure 1 Ternary phase diagram of water, C14 E3 and diesel at 25 . The L2 indicates 
W/O microemulsion and LC indicates a liquid crystal phase. 
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Figure 2 Ternary phase diagram of water, C14 E3 and diesel: limonene (3:1 wt. ratio)  at 
25 . 
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Figure 3 Ternary phase diagram of water, C14 E3 and limonene: diesel (3:1 wt. ratio) at 25 
.  
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Figure 4 Ternary phase diagram of water, C14 E3 and diesel: ethanol (9:1 wt. ratio) at 25 
. 
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Figure 5 NOx levels versus engine speed at (a) 30%, and (b) 40% throttle. 
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Figure 6 Soot levels versus engine speed at (a) 30%, and (b) 40% throttle. 
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Figure 7 CO2 levels versus engine speed at (a) 30%, and (b) 40% throttle. 
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Figure 8 Specific fuel consumption versus engine speed at 40% throttle. 
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Figure 9 Break mean effective pressure versus engine speed at 40% throttle. 
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